PPy-Cr 2 O 3 hybrid flexible electrodes (HFEs) have been synthesized by successive ionic layer adsorption and reaction (SILAR) method using flexible aluminum (Al) strips (derived from cold drink cans) as substrates. For the synthesis, 0.1 M pyrrole and 0.02 M K 2 Cr 2 O 7 dissolved in 0.5 M aqueous H 2 SO 4 were used as precursors while the flexible aluminum strips derived from waste cold drink cans were used as substrates. XRD pattern shows the peak at 50.48
Introduction
Different materials are being discovered and used to prepare supercapacitive electrodes. Metal oxides [1] [2] [3] [4] [5] , sulfides [6] [7] [8] [9] [10] , conducting polymers [11] , carbonaceous materials, etc., have been used till today. Conducting polymers have grabbed more attention. Polypyrrole (PPy) has also been used as electrode material in supercapacitors in pure [1, 11] and hybrid forms [12] [13] [14] [15] [16] . PPy suffers from poor elasticity of shape, poor cycling stability, and limited potential window. To overcome these limitations, co-polymerization [31] , hybridization or composite formation is going on [13] [14] [15] [16] [17] [18] [19] [20] . Chromium has multiple oxidation states. The redox transitions of Cr between different oxidation states may be useful for charge storage. Cr 2 O 3 has been used as electrode material for supercapacitors [20] [21] [22] , but did not receive more attention. Composite or hybrid of PPy with Cr 2 O 3 may improve the specific capacitance and cycling stability of the electrode. Aluminum being highly conductive and cost-effective has been used in the preparation of ordinary capacitors. The electrodeposition of PPy on Al substrate has been attempted by Liu et al. [22, 23] . Shinde et al claimed successful SILAR synthesis of PPy on stainless steel [23, 24] . Various composites and hybrids of PPy have been prepared by SILAR, viz, PPy-Cu(OH) 2 [13, 14] , C 10 H 9 N 2 -PPy [5] . There are no references regarding the SILAR synthesis of PPy-Cr 2 O 3 flexible electrodes and their electrochemical study.
In our previous work, we have studied the effect of electrolytic anions on the charge storage of Fe 3 O 4 electrodes [24, 25] . Just like anions, charges stored by redox interaction between electrode and electrolyte are dependent on the properties cations of electrolytes, viz, ionic radius, mobility, etc. Hence present work focused on preparation of PPy-Cr 2 O 3 hybrid flexible electrodes (HFEs) on the surface of Al substrate by simple, cost-effective SILAR method and analysis of the prepared HFEs physically using 1 3
17 Page 2 of 8 XRD, FTIR, SEM and EDX and electrochemically using cyclic voltammetry (CV). The cycling stability analysis of HFE has also been aimed.
Materials
For the present work, extra pure pyrrole (Sigma-Aldrich), K 2 Cr 2 O 7 (SD Fine chemicals), and H 2 SO 4 (SD Fine chemicals) were used. Double-distilled water was used as solvent in all the experimental works. The aluminum strips derived from waste cold drink cans ( 1 cm × 5 cm ) were used as conducting substrates. All chemicals used were of analytical grade. Figure 1 shows the synthesis mechanism. It involves the following stages.
Experimental work

Substrate pretreatment
The cold drink cans were cut open to get rectangular strips of 1 cm × 5 cm area. The inner surface has Teflon coating while outer one has synthetic color hence, the strips were thoroughly polished using emery paper (grade 2500) to get rough finish and then ultrasonicated in double-distilled water for 20 min. to clean their surface. Then washed with acetone and treated with 2 mM HNO 3 to improve adhesion for rapid nucleation and growth [13] [14] [15] .
SILAR deposition
Rate of polymerization depends on the molar concentration of oxidizer. Rapid oxidative polymerization makes the material growth rapid, but films grown are non uniform and less adherent. As K 2 Cr 2 O 7 is strong oxidizer, its concentration was kept minimal. Different molar concentrations were tried and uniform film formation was observed at 0.02 M of K 2 Cr 2 O 7 . Al strips were immersed for 10 s in each of the 20 ml aqueous solutions of 0.1 M pyrrole and 0.02 M K 2 Cr 2 O 7 , prepared in 0.5 M H 2 O 4 . This is followed by washing with the jets of double-distilled water. This completes one SILAR cycle. 60 such SILAR cycles have been carried to get the uniform HFE. Synthesis has been carried out at very low pH ∼ 1.1 , to make PPy more protonated and hence, more conducting [15, 25, 26] .
Characterizations
Physical characterizations of the prepared HFEs have been carried out using X-ray diffractometer (Ultima IV Rigaku D/MAX 550vb + 18kW with Cuk , λ = 1.54056 Å), FTIR spectrophotometer (Nicolet iS10, Thermo Scientific, USA) and scanning electron microscope (SEM JEOL JSM-7600F HITACHI, Japan). The cyclic voltammetry (CV) of HFE has been carried out using electrochemical analyzer (CHI 408C, CH instruments USA) of standard 3-electrode set-up, comprising of HFE as working electrode, Ag/AgCl as a reference electrode and platinum wire as a counter electrode. Surface wettability analysis was carried out using contact angle meter (HO-IAD-CAM-01, Holmark opto-mechatronics, India).
Fig. 1 Mechanism of SILAR synthesis of HFEs
Results
Film formation mechanism
The formation of HFE involves polymerization of pyrrole and formation of Cr 2 O 3 (Scheme 1).
The loss of conjugated electron leads to the formation of polaron. Successive addition of polarons form bipolarons, trimer, quinoid structure and eventually PPy. During the growth of PPy, the reduction reaction occurs to form Cr 2 O 3 from K 2 Cr 2 O 7 , as oxidation state of Cr reduces from + 6 to + 3 by engulfing the electrons released during the polymerization of pyrrole.
Physical characterization
The XRD pattern of HFE shows peak at 50.48
• indicating the formation of rhombohedral Cr 2 O 3 (Fig. 2a) . The peak at 672 cm −1 in FTIR spectrum is corresponding to metal oxygen bonding in Cr 2 O 3 and peak at 1577 cm −1 corresponds to the characteristic pyrrole ring vibration (Fig. 2b) . These peaks corroborate the formation of PPy-Cr 2 O 3 hybrid. SEM micrograph of HFE shows porous morphology with interconnected granules of average size 50-80 nm (Fig. 2c) . Peaks corresponding to the existence of C, N, Cr and O were observed in EDX spectrum confirming the formation of hybrid (Fig. 2d) . TEM image depicts the Cr 2 O 3 granules of average size 20 nm and PPy globules of average size 50 nm (Fig. 2e) . The surface wettability study reveals hydrophilic nature of the HFE as the water to surface contact angle was 10
• 30′ indicating near superhydrophilic nature (Fig. 2f ). This is highly desirable for the aqueous electrolyte-based supercapacitors.
Cyclic voltammetric analyses
CV analysis of the HFE was carried out in 0.5 M aqueous solutions of H 2 SO 4 , Na 2 SO 4 and K 2 SO 4 (Fig. 3a, c,  e ), respectively. HFE shows large potential window ∼ 3V (0-3 V) in 0.5 M H 2 SO 4 (Fig. 3a) . This is higher than the potential window show by pristine PPy [23, 24] . Acidified water splits at − 1.23, but when it comes to aqueous solutions of salts, the potential window expands towards extremities as high as 3.2 V. The potential windows as high as 3.2 V Scheme 1 Film formation mechanism for the device have been reported for sodium perchlorate by Hiroshi Tomiyasu et al. [31, 32] . Hence, in the present case we got the potential window of 3 V.
The gradual increase in current integral, i.e., area enclosed by the curves has been observed with increase in the potential scan rate. This is in perfect accordance with the previous results related to the scan rate variations in pseudocapacitors indicating that the charge storage takes more time as it could not follow the rapid transitions in potential due to increased scan rate [13] [14] [15] [23] [24] [25] [26] [27] [28] [29] . A sudden increase in the current at positive sweep of the applied potential at ∼ 1.35V was observed for each scan rate.
HFE shows potential window ∼ (−1V) (− 1.8 to − 0.8 V) in 0.5 M Na 2 SO 4 (Fig. 3c) . The potential range is same as that of the pristine PPy [23, 24] , but the nature of cyclic voltammogram is entirely different. Further, the window is completely in the negative potential. The gradual increase in current integral has been observed. Both the potentials and the current were found to be negative indicating that the electrode can be used as anode. HFE (Fig. 3e) . This is smaller than the potential window shown by pristine PPy [23, 24] . It was seen that the current increases slowly with the potential till − 0.75 V, thereafter it suddenly increases. This may be due to the Al substrate as some solvated ions may react with Al. The maximum current limit went on decreasing with the increasing scan rate. At higher scan rate, the voltage transitions are very rapid, hybrid electrode material is not completely utilized; hence, the increased current is not in the required proportion and thus, SC goes on decreasing with increase in scan rate [13] [14] [15] . Specific capacitance (SC) associated with the electrode was calculated using the Eq. 1 given below.
where V 1 and V 2 are potential limits, m is the mass of active electrode material, V is the net potential of the window (V = V 2 − V 1 ) . The evaluated SC values at different scan rates are mentioned in the inset of Fig. 2a, c, 3 , giving greenish appearance to the FE surface and nearby solution. During this process, electrons are lost by Cr as the oxidation state changes from + 3 to + 6. Cr(SO 4 ) 3 dissociates in aqueous electrolyte soon and forms Cr 6+ and SO 4 2− species. When negative sweep potential is given to HFE, the dedoping of PPy matrix occurs and SO 4 2− anions are separated from PPy matrix. The Cr 6+ species gain three electrons and react with OH -ions in the PPy matrix to form Cr(OH) 3 . Thus, the redox transitions of Cr during positive or negative sweep of potentials as well as intercalations and de-intercalations of SO 4 2− anions in the matrix of HFE (i.e., doping and dedoping of PPy matrix) are responsible for the pseudocapacitive charge storage. Hence, in present case, the pseudocapacitance depends only on the rate of dissociation of electrolytes and the pH of the electrolytes. Acidic pH is favorable for the sustainability of PPy matrix. Further, the protonic conduction enhances current. Thus, large current integral (area) has been seen for CV carried in H 2 SO 4 . As the potential window was large, SC was limited to 435.42 Fg −1 at 5 mVs −1 . Both the Na 2 SO 4 and K 2 SO 4 are salts of strong acid and strong base; hence, neutral in nature. K + cation has greater ionic radius. Thus, charge density of K + ions is less than that of Na + ions. Hence K + ions have higher mobility than Na + cations. The Gibbs free energy of solvation depends on the ionic radius [29] [30] [31] . The ionization energy of Na 2 SO 4 is 490 kJMol −1 and that of K 2 SO 4 is 418 kJMol −1 , which indicates that the ionization of K 2 SO 4 requires less energy. Because of all these reasons, current integral and consequently the SC value of HFE was found more in 0.5 M K 2 SO 4 among the three electrolytes [32, 33] .
Plausible charge storage mechanisms
See Scheme 2.
Cycling stability study
The potential transitions occur with bigger steps; hence, voltammetric cycles occur rapidly at higher scan rate. Therefore, cycling stability analyses of the HFE have been carried out at potential scan rate of 100 mVs −1 . In H 2 SO 4 , the SC value of HFE goes on decreasing rapidly in first 100 cycles as it decreases by 36.20%, then it goes on decreasing slowly by steps of ∼ 1% per 100 cycles till 400th cycle thereafter by 0.5% till 800th cycle. Thereafter, it remains unaffected. Thus, the HFE shows appreciably good cycling stability with 58.20% retention of SC (Fig. 3b) . In Na 2 SO 4 , the SC value of HFE goes on decreasing rapidly in first 100 cycles as it decreases by 34.46%, then it goes on decreasing slowly by steps of ∼ 1.2% per 100 cycles till 400th cycle. Thereafter, it remains same even after 1000 cycles. Thus, the HFE shows appreciably good cycling stability with 62.02% retention of SC (Fig. 3d) . In K 2 SO 4 , the SC value of HFE goes on decreasing rapidly in first 100 cycles as it decreases by 39.45%, then it goes on decreasing slowly by steps of ∼ 0.6% per 100 cycles till 400th cycle. Thereafter, it remains same even after 1000 cycles. Thus, the HFE shows appreciably good cycling stability with 57% retention of SC (Fig. 3f) .
The rapid decrease observed during the initial cycles can be explained. During the initial cycles, the loosely bound material is active and adds to the SC, but with increase in the number of cycles, this material peels off resulting in the decrease in SC.
The decrease may also be due to the fact that the adsorbed ions are not completely desorbed, but few ions remain in the matrix of the composite. These ions may prohibit the Scheme 2 Plausible reaction mechanism adsorption of other ions by repelling them. With increase in number of cycles, such ions in the matrix may increase reducing the number of adsorption-desorption mechanism sites.
Conclusion
PPy-Cr 2 O 3 HFEs have been synthesized by SILAR on flexible Al substrates derived from the waste cold drink cans. The HFEs show porous morphology with interconnected granules of average size 50-80 nm. XRD, FTIR and EDX analysis confirms the formation of PPy-Cr 2 O 3 hybrid. HFE exhibits surprising transitions in potential window for different electrolytes. For aqueous H 2 SO 4 , it was ∼ 3V lying in positive region. For Na 2 SO 4 , it was entirely negative and was ∼ 1V exhibiting negative current. While for K 2 SO 4 , though the potential window was negative, it was very small ∼ 0.3V . The observed maximum SC was 4246.66 Fg −1 at 5 mVs −1 . HFE shows appreciable cycling stability with 57% retention of SC after 1000 cycles. Thus, K 2 SO 4 providing small potential window gives maximum specific capacitance and is suitable for the microelectronic applications needing potential difference of 0.3 V. H 2 SO 4 is applicable for high potential applications providing potential window as high as 3.5 V. The HFEs are applicable as an anodic material in Na 2 SO 4 .
